Genetic risk factors for sporadic neuroendocrine tumors (NET) are poorly understood. We tested risk associations in patients with sporadic NET and non-cancer controls, using a custom array containing 1536 single-nucleotide polymorphisms (SNPs) in 355 candidate genes. We identified 18 SNPs associated with NET risk at a P-value <0.01 in a discovery set of 261 cases and 319 controls. Two of these SNPs were found to be significantly associated with NET risk in an independent replication set of 235 cases and 113 controls, at a P value £0.05. An SNP in interleukin 12A (IL12A rs2243123), a gene implicated in inflammatory response, replicated with an adjusted odds ratio (95% confidence interval) (aOR) 5 1.47 (1.03, 2.11) P-trend 5 0.04. A second SNP in defender against cell death, (DAD1 rs8005354), a gene that modulates apoptosis, replicated at aOR 5 1.43 (1.02, 2.02) P-trend 5 0.04. Consistent with our observations, a pathway analysis, performed in the discovery set, suggested that genetic variation in inflammatory pathways or apoptosis pathways is associated with NET risk. Our findings support further investigation of the potential role of IL12A and DAD1 in the etiology of NET.
Introduction
The diagnosed incidence of neuroendocrine tumors (NET) is increasing; however, their etiology remains poorly understood. In a recent analysis of the Surveillance, Epidemiology and End Results database, the annual incidence of NET in the USA had increased from a baseline of 1-2/100 000 individuals to 5.25/100 000 individuals in the past few decades; furthermore, the estimated prevalence of living individuals diagnosed with NETs in the USA exceeded 100 000 (1) .
Classic cancer risk factors have not been implicated in the development of most NET. Although smoking has been associated with aggressive neuroendocrine cancer histologies such as small cell lung cancer (2) , no clear association between smoking and well differentiated NETs, which comprise the majority of NET cases, has been identified (3, 4) . Similarly, no association has been reported between NET and alcohol use.
NETs are often subclassifed as either pancreatic NET or carcinoid tumors. Pancreatic NET, in particular, may develop in the context of rare autosomal-dominant inherited genetic syndromes particularly in multiple endocrine neoplasia 1 or 2 (MEN1 or 2) and Von Hippel-Lindau syndrome, but less frequently in tuberous sclerosis (TSC) or neurofibromatosis type 1 (5, 6) . Several studies have also reported a familial aggregation of carcinoid tumors (7, 8) and a higher prevalence of NETs in patients whose first-degree relatives develop any cancer (9) . These observations suggest a possible heritable basis for sporadic NETs.
Large-scale candidate gene association studies have previously identified genetic variants associated with more common malignancies, but have not, to our knowledge, been performed in NET (10) (11) (12) (13) . We sought to establish whether common genetic variants in established cancer-related genes contribute to the risk of sporadic NET. We evaluated 1536 single-nucleotide polymorphisms (SNPs) for potential risk associations in an initial discovery case-control set and then confirmed potential associations in an independent replication set of NET cases and healthy controls.
Materials and methods

Study population
This study was approved by the Human Subjects Committees of Massachusetts General Hospital, Dana-Farber Cancer Institute (DFCI) and the Harvard School of Public Health in Boston, MA. Patients with a confirmed diagnosis of NET were recruited at the DFCI. Patients completed a questionnaire prior to time of first visit that included demographic, socioeconomic and lifestyle data as well as past medical and family cancer history. Unreported clinical information, including age, gender, smoking history, tumor type and tumor stage was extracted from the medical record. Patients that reported not currently smoking and had no other smoking history in the medical record were coded as never-smokers. Over 95% of all NET patients seen at DFCI consented to participate in the study, and of the consenting cases, 89% permitted blood sample collection. Cases in the discovery set were recruited from 1 July Two different control groups were used for discovery and replication. To be included in the study, controls were required to have complete information on age, gender and smoking history as well as an adequate quantity of available DNA. For the discovery set, controls were selected from healthy friends and non-blood related family members (usually spouses), who had been recruited and volunteered for the Harvard Lung Cancer Susceptibility Study conducted from 1992-2007 at the Massachusetts General Hospital/Harvard Cancer Center. Interviewer-administered questionnaires adapted from American Thoracic Society questionnaire (14) were used to obtain information on demographic and detailed smoking histories from each subject (15, 16) . For the replication set, healthy controls were recruited from friends and non-blood related family members who accompanied the patients to the DFCI clinic from 20 January 2006 to 24 February 2009 and volunteered to participate in the study. Controls in the replication set completed the same questionnaire as the cases.
Sample collection and preparation
Peripheral whole blood samples for cases and controls were stored at À80°C. DNA was extracted from peripheral blood samples using the Puregene DNA Isolation Kit (Qiagen, Valencia, CA) and stored at À20°C. Concentrations of genomic DNA were measured by PicoGreen dsDNA quantitation reagent Molecular Probes (Invitrogen, Carlsbad, CA) at a dilution of 50 ng/ll.
Gene and SNP selection and genotyping
We designed an Illumina GoldenGate custom 1536 loci panel on a BeadArray chip (San Diego, CA) to include both tagging and functional SNPs in a broad range of genes implicated in the development of malignancy (supplementary Table I is available at Carcinogenesis Online). The selected genes included those known to be involved in key cell-signaling pathways, including mammalian target of rapamycin signaling, DNA repair, cell cycle control, apoptosis, inflammation and xenobiotic and endogenous metabolism. Predicted functional and tagging status was the primary selection criterion. Predicted genotyping performance was considered a secondary selection criterion and SNPs with both excellent and moderate performance characteristics were included (17) .
Genotyping the Illumina Goldengate BeadArray for the discovery set was performed at the Broad Institute, Cambridge, MA, on a BeadStation system by laboratory personnel blinded to case-control status, with 48 duplicate experimental control samples. We identified eighteen SNPs with the discovery set associated with risk at P 0.01, excluding SNPs in strong linkage disequilibrium [D# 5 1 with HapMap CEU (CEPH, Centre d'Etude du Polymorphisme Humain; (Utah residents with ancestry from northern and western Europe)] release 24 data (18) . We then genotyped these SNPs with the replication casecontrol set. These SNPs were genotyped by Partners Healthcare Center for Personalized Genomic Medicine, Cambridge, MA with Sequenom iPLEX with 40 duplicate experimental control samples.
The concordance rate of the 48 duplicate samples in the discovery set was 99.6%. Two authors reviewed all genotyping results independently. From 1536 SNPs genotyped, 1334 SNPs in 354 known cancer genes remained that had ,10% missing genotypes, Hardy-Weinberg equilibrium v 2 -test P-value of .0.001 and minor allele frequency (MAF) .0.01 in Caucasian controls. Of these, 1311 SNPs had ,5% missing genotypes. SNP MAFs did not differ from HapMap CEU or other Caucasian frequencies in dbSNP by .15%. The concordance rate of the 40 duplicate samples in the replication set was 100%. Three of 18 SNPs failed genotyping due to poor extension of the primer. The remaining 15 SNPs had ,15% missing genotypes, with an average of 6% missing. All successfully genotyped SNPs passed the Hardy-Weinberg equilibrium v 2 -test at P-value of !0.05 and had a MAF ,1% in Caucasian controls.
Statistical analysis
Individuals of all races were recruited for this study. To reduce population stratification, we restricted our analyses to self-reported Caucasians only. We retained subjects with complete information on age, gender and each SNP individually.
We tested each SNP for association with NET susceptibility using multiple logistic regression under dominant and additive (test for linear trend) genetic models, adjusting for age, gender and smoking status in the discovery set and adjusting for age and gender in the replication set. We used SAS/Genetics software (version 9.1.3; SAS Institute, Cary, NC) to perform the analyses. Cases and controls were classified as either current smokers, former smokers (those who quit smoking for .1 year prior to diagnosis or enrollment) or neversmokers (,100 cigarettes in their lifetime). Age was modeled as a continuous covariate. P-values were reported along with a Benjamini-Hochberg false discovery rate (FDR) multiple testing adjustment reported as q values (19) . In the discovery set, we tested the association of each SNP in subgroups of tumor type: pancreatic islet cell tumor only and small bowel carcinoids only.
For replicated SNPs, we tested the difference in the SNP associations with the risk of NET between the two datasets statistically, with a cross-product interaction term between the SNP (additive model) and an indicator term for discovery versus replication datasets in a multivariate regression model. If there was no significant difference, we combined the datasets for an overall aOR.
For the discovery set, at a 5 0.01 under the additive genetic model, we estimated .80% power to detect genetic odds ratios 1.7 for SNPs with MAFs equal to 15% and 1.53 for SNPs with MAF equal to 30%. For the replication set at a 5 0.05, under the additive genetic model, we estimated .80% power to detect genetic odds ratios of 1.8 for SNPs with MAF equal to 15% and 1.63 model for SNPs with MAF equal to 30%.
To identify pathways potentially important in NET risk, we tested SNPs in 13 cancer related pathways or functional gene groups for association with NET using the admixture maximum likelihood (AML) test in our discovery set (11, 20) . We used 1000 permutations and fixed the maximum proportion of associated SNPs at 20%.
Results
Population characteristics
We identified 315 cases from DFCI and 350 controls from the Harvard Lung Cancer Susceptibility study at Massachusetts General Hospital for a discovery set, and 271 cases and 155 friend/non-blood related family member controls from DFCI for a replication set. For subsequent analysis, we excluded cases and controls with non-Caucasian self-reported race or known genetic syndromes (e.g. MEN1, MEN2, Von Hippel-Lindau or TSC) or incomplete information on age or sex. We also excluded discovery cases and controls with .10% missing genotype information and missing smoking status or replication cases and controls with .30% missing genotype information. A total of 261 cases and 319 controls were used for the discovery analysis; and a total of 235 cases and 113 controls were used for replication.
The demographics of the two study populations are summarized in Table I . In the discovery set, 54 (21%) patients had pancreatic NET (PET) and 207 (79%) patients had carcinoid; among the carcinoid patients, 91 had primary small bowel carcinoid. The distribution of In the replication set, eight cases and one control had missing data on smoking status. d Other sites include colon (5, 4) , rectum (7, 8) , anus (1, 0), thorax (2, 0), larynx (2, 0), heart (1, 0), thyroid (1, 0) and rare (4, 11) in the discovery and replication sets, respectively. e M0, no metastasis after resection at initial diagnosis; M1, metastasis at initial diagnosis.
Genetic susceptibility of sporadic NET tumor subgroups in our cases differs from population estimates (21) and reflects a high proportion of gastrointestinal NETs, probably due to accrual of cases in the gastrointestinal cancer clinic at DFCI. When restricted to gastrointestinal carcinoids alone, the frequencies are similar to those reported in population-based series (21) . Tumor stage was evenly distributed between patients who had undergone complete tumor resection (M0) [117 (45%) cases] and those who were diagnosed with metastatic disease (M1) [144 (55%)]. Primary tumor site and stage distributions in the replication set were similar to those in the discovery set. We did note imbalances among the groups in both smoking characteristics and gender distribution. Although smoking characteristics were similar among all the cases and in the controls recruited from DFCI, we observed a lower proportion of never-smokers in the control group from the Harvard Lung Cancer Susceptibility study. We additionally observed a higher proportion of females among the friend/non-blood related family member controls recruited from the DFCI compared with the other groups. Allele frequencies between the two control sets, however, were similar; the average MAF difference was 4% and the average genotype frequency difference was 6% among 15 SNPs subsequently genotyped in the replication cohort. The median difference for both was 3%.
Association of SNPs and overall NET risk
We used multiple logistic regression analysis to evaluate risk associations among 1334 selected SNPs, representing 354 genes in 14 pathways (Table II) in the discovery case and control set. We adjusted for age, gender and smoking status in the analysis, given potential associations of these variables with NET and observed differences in our control groups. Our discovery analysis revealed that 18 SNPs were associated with NET risk at a P-value 0.01, under either the additive or dominant genetic model, meeting our criterion for replication.
Of the 18 SNPs identified in the discovery analysis, we successfully genotyped 15 SNPs in our replication case and control sets. After adjusting for the significant confounders of age and sex, we found that two SNPs, IL12A rs2243123 (an intronic tag SNP in interleukin 12A) and DAD1 rs8005354 (an intronic tag SNP in defender against cell death one), were associated with NET risk at a P-value of 0.05 (Table III) .
In the discovery analysis, the adjusted odds ratio (aOR) under the additive model for IL12A rs2243123 (95% CI) was 1.43 (1.09, 1.89), P 5 0.01, FDR q 5 0.61, (P-dominant 5 0.004); in the replication set, the aOR was 1.47 (1.03, 2.12), P 5 0.04, FDR q 5 0.24 (Table IV) . To evaluate potential differences in SNP associations in the discovery and replication datasets, we tested for the interaction between IL12A rs2243123 and the two datasets; we found no evidence for an interaction. In the combined discovery and replication samples, the aOR for IL12A rs2243123 under the additive model remained significant, 1.37 (1.12, 1.69), P 5 0.002.
For DAD1 rs8005354, the aOR under the additive model was 1.31 (1.03, 1.67), P 5 0.028, FDR q 5 0.62, (P-dominant 5 0.006) in the discovery set. In the replication set, the aOR was 1.43 (1.02, 2.02), P 5 0.04, FDR q 5 0.24. The MAF of DAD1 rs8005354 were similar in the discovery and replication cases, and in the discovery and replication controls, again supporting a potential association (Table IV) . We found no evidence of a difference between DAD1 rs8005354 risk associations in the two datasets. In the combined discovery and replication samples, the aOR for DAD1 rs8005354 under the additive model was 1.32 (1.09, 1.59), P 5 0.004.
The SNP most strongly associated with NET risk in our discovery analysis was TSC2 rs13337626, a synonymous SNP in a gene encoding a subunit of the TSC complex. This SNP failed genotyping in the replication set using the initial Sequenom iPLEX genotyping platform. Given known associations between TSC and NET, we subsequently evaluated this SNP using Taqman as an alternate genotyping platform and also evaluated five additional SNPs in strong linkage disequilibrium with TSC2 rs13337626 for potential associations with NET. We failed to observe any significant risk associations with these approaches, suggesting that the initial risk association observed with rs13337626 was spurious.
Associations of SNPs with specific tumor subtypes
A limited number of cases precluded our ability to comprehensively identify and replicate risk associations for different tumor subtypes in the discovery and replication sets. However, in the discovery analysis, different sets of genes emerged as significant in the pancreatic NET and small bowel carcinoid subgroups (Table V) . Eighteen SNPs were associated with pancreatic NETs at the P 0.01 level, although none passed multiple testing adjustment. These included SNPs in the genes LIG3 (ligase 3), CDKN2A (cyclin D kinase2A), BCL2 (b-cell CLL/ lymphoma 2), VEGFR (vascular endothelial growth factor receptor) and PTEN (phosphatase and tensin homolog). Twenty-two SNPs (excluding TSC2 rs13337626 for reasons described above) were associated with small bowel carcinoid tumors at the P 0.01 level. IL1RN rs380092 and CYP1B1 (cytochrome P450 1B1) rs162562 passed FDR multiple testing adjustment at the 20% level. Neither IL12A rs2243123 nor DAD1 rs8005354 reached significance in either tumor subgroup at P 0.01 in the discovery set alone. However, IL12A rs2243123 was the only SNP that reached significance in either tumor subgroup at P 0.01 in the replication set: additive aOR 5 2.14 (1.27, 3.60), P 5 0.004 associated with pancreatic NET.
Associations of NET with pathways
To identify which pathways may be important in NET risk, we tested NET risk associations within gene functional groups using the AML in our discovery set. AML tests for the presence of more positive associations than expected by chance, estimates the proportion of associated SNPs and their typical effect size, and evaluates statistical significance via Monte Carlo simulation (11, 20) . Of the 13 pathways evaluated (see Table II ), only the apoptosis (P-heterogeneity 5 0.015, P-trend 5 0.009) and inflammation pathways (P-heterogeneity 5 0.013, P-trend 5 0.004) were associated with NET risk using AML. After excluding SNPs from the most highly associated gene in each pathway, only the apoptosis pathway remained associated with NET risk (P-heterogeneity 5 0.04, P-trend 5 0.04).
Discussion
Few prior studies have evaluated the effect of heritable genetic variation on NET risk (22, 23) In one small case-control study, variants of the tumor necrosis factor alpha gene and interleukin 2 gene, TNFA-1031 and IL2-330 T . G, were associated with gastroenteropancreatic NET risk (22, 24) . Our findings also suggest a possible role for inflammation in the etiology of NET. In this study, we performed a large-scale analysis of genetic variation in candidate genes and NET risk. We identified potential associations in a discovery case-control set and then sought to replicate these associations in an independent set of cases and controls. Our study evaluated 1334 SNPs derived from 354 genes implicated in cancer-related pathways. We identified two SNPs, in two different genes, associated with overall NET risk in both the discovery and replication sets: IL12A rs2243123 and DAD1 rs8005354. Consistent with these observations, a pathway analysis, performed on the discovery set, implicated apoptosis and inflammation pathways in NET risk. IL12A rs2243123, located in intron 1, was selected as a tagging SNP for this study and has no documented or predicted function (25, 26) . However, several other SNPs in IL12A, some strongly correlated with rs2243123 (by D#, HapMap CEU, release 27), have been associated with cancer risk such as cervical cancer (27) , lung cancer (28) and gastric cancer (29) . Studies have reported associations of IL12A SNPs [rs755004, rs485497 (D# 5 0.54 and D# 5 0.48, respectively)] in Caucasians for non-Hodgkins lymphomas as well (30, 31) . A SNP strongly associated with childhood ALL in Caucasians, rs583911, is adjacent to our SNP with D# 5 1 (32). The SNP rs2243123 has been directly associated with an increased risk of primary biliary cirrhosis (33); other SNPs within or immediately 5# to IL12A have been associated with celiac disease [rs17810546 (D# 5 0.87)] (34, 35) and with multiple sclerosis (36) , identified with corroborating genome wide association studies.
IL12A encodes the p35 protein, which, together with the p40 subunit, forms the IL12 heterodimer (27) . Produced by antigenpresenting cells, dendritic cells and macrophages, IL12 activates the T helper 1 (T h 1) response, signaling CD8þ cytotoxic T-cell differentiation and stimulating natural killer cells and T h 1 cells to produce interferon-c (37) . The increased production of interferon gamma also has an anti-angiogenic effect, mediated by the increased production of inducible protein-10 (IP-10 or CXCL10) chemokine, which inhibit endothelial cell chemotaxis and differentiation into tube-like structures (38) . IL12 may also inhibit angiogenesis by downregulating vascular endothelial growth factor and basic fibroblast growth factor (38) . Therefore, a genetic variant that impairs IL12 function in T-cell development and anti-angiogenesis could be important to the carcinogenesis and progression of NET.
Like IL12A rs2243123, DAD1 rs8005354 was selected for our study as a tagging SNP. It is intronic and has no known or predicted function. However, it is located in a region of high linkage disequilibrium by D# (HapMap release 27) that extends $40 kb, including the 27 kb Table III . SNP associations with NET in the discovery and replication sets (selected SNPs are those associated with NET risk in the discovery set with adjusted a P-value under 0.01) length of DAD1 and the adjacent locus control region on chromosome 14q11 (39) . Therefore, it is possible that rs8005354 is correlated with a functional variant in this region that is associated with enhanced function or increased expression of DAD1. The DAD1 protein is a core component of the multisubunit oligosaccharyltransferase that catalyzes N-glycosylation of nascent polypeptide chains within the lumen of the endoplasmic reticulum (40) . DAD1 has been implicated as a regulator of apoptosis: absence of DAD1 is associated with increased apoptosis in mouse embryos (41) .
Overexpression of DAD1 has been associated with poor prognosis in Hodgkins lymphoma and in prostate, small cell lung and hepatocellular carcinomas (41) . A potential role for DAD1 in carcinoid tumorigenesis has been suggested by studies of genomic alterations in small bowel carcinoid tumors. These studies have revealed amplification of 14q11, which encompasses the locus control region for DAD1, as well as evidence of DAD1 overexpression in carcinoid tumors (41, 42) . Studies correlating DAD1 rs8005354 with DAD1 protein expression are warranted and could shed further light on the potential role of this SNP in neuroendocrine tumorigenesis.
Our study has several limitations. Although both cases and controls in the discovery and replication sets were identified from medical centers in the greater Boston area, we observed imbalances in demographic features that could potentially have influenced our risk analysis. In particular, we observed a higher proportion of current or former smokers among the controls in the discovery set and a higher proportion of females among the controls in the replication set. Although an association between smoking and NET risk has not been clearly demonstrated, we adjusted for smoking as well as other potential risk factors (e.g. gender and age) in our regression analysis.
Our study utilized a large collection of cases considering the overall rarity of NETs but was also limited to some extent by small sample size. Our sample size limited our ability to detect specific risk associations in tumor subgroups. The smaller sample size of the replication set (compared with the discovery set) may also have limited our ability to replicate associations overall, particularly after adjusting for multiple testing.
Finally, because our cases included both incident and prevalent cases, a genetic variant associated with a better prognosis could be observed to be more prevalent in cases than in controls, resulting in an apparent but artificial risk association. Although we did not observe obvious associations between DAD1 rs8005354 or IL12A rs2243123 and survival, a low number of death events in our cases at the time of our analysis precluded more definitive evaluation of this possibility.
In summary, we performed a large-scale analysis of genetic risk factors in sporadic NETs. We found that genetic variation IL12A and DAD1 is potentially associated with NET risk, and more broadly, that inflammatory and apoptosis pathways may play a role in neuroendocrine tumorigenesis. Larger studies confirming these associations and more specifically evaluating NET subtypes are warranted.
